Electron acceleration associated with various plasma kinetic instabilities in a nonrelativistic, very-high-Alfvén Mach-number (M A ∼ 45) shock is revealed by means of a two-dimensional fully kinetic PIC simulation. Electromagnetic (ion Weibel) and electrostatic (ion-acoustic and Buneman) instabilities are strongly activated at the same time in different regions of the two-dimensional shock structure. Relativistic electrons are quickly produced predominantly by the shock surfing mechanism with the Buneman instability at the leading edge of the foot. The energy spectrum has a high-energy tail exceeding the upstream ion kinetic energy accompanying the main thermal population. This gives a favorable condition for the ion acoustic instability at the shock front, which in turn results in additional energization. The large-amplitude ion Weibel instability generates current sheets in the foot, implying another dissipation mechanism via magnetic reconnection in a three-dimensional shock structure in the very-high-M A regime.
Collisionless shocks provide us great opportunities to explore nonlinear dynamics in strongly inhomogeneous plasmas. Dynamics therein result in excitation of various types of electrostatic and electromagnetic waves and associated plasma heating and acceleration.
Extreme circumstances encountered in such situations can be realized in astrophysical phenomena, such as supernova remnant (SNR) shocks where the plasma kinetic energy overwhelms other magnetic and plasma internal energies. SNR shocks have been thought to be a generator of cosmic rays, and exploring nonlinear dynamics in extreme circumstances therefore clarifies how charged particles are accelerated to relativistic energies out of the thermal counterpart.
The magnetized collisionless shock is characterized by the Alfvén Mach number M A , which is the ratio of the flow speed V 0 to Alfvén speed V A in the upstream. When the Alfvén Mach number exceeds a critical value (∼ 3), the plasma cannot be fully dissipated at the shock, and additional dissipation is compensated by the ion specularly reflected by the shock front [1, 2] . In particular, in very-high-M A shocks, the ion can provide free energy for various plasma kinetic instabilities [3] [4] [5] .
SNR shocks are indeed such cases of very high M A . Remote imaging of SNR shocks has provided rich information of fine-scale structures in which the presence of relativistic electrons has been evidenced [6] . It is only recently that a high-M A shock was directly measured with relativistic electrons accelerated in the vicinity of the Kronian bow shock [7] .
Laboratory experiments involving a high-power laser facility provide other opportunities of exploring high-Mach-number shocks [8] [9] [10] . Although such experimental studies reveal the macroscopic nature of high-Mach-number shocks, they still lack detailed information on electric and magnetic fields, and associated mechanisms of particle acceleration.
While numerical simulation is an alternative way of exploring these extreme environments, examining nonrelativistic, high-M A shocks is still computationally challenging. This is because of a strong dependence of CPU time on the ion-to-electron mass ratio (M/m), which increases as (M/m) 3(2.5) in a three-(two-)dimensional fully kinetic simulation of a collisionless shock. This scaling has limited discussions either with small mass ratios or in moderate M A shocks. Nonetheless, numerical experiments have revealed part of their signatures. One-dimensional simulation studies have proposed an efficient electron acceleration mechanism in the high-M A regime, which can be an agent of the diffusive shock acceleration in SNR shocks [11, 12] . The process -the electron shock surfing acceleration (SSA) -is re-alized with an electrostatic field via the Buneman instability and the motional electric field at the leading edge of the foot. The accelerated electrons are trapped/reflected by largeamplitude wave electric fields, in contrast to the classical shock drift acceleration where the compressed magnetic field plays the role [13] , and are energized much more efficiently. It has been a controversial issue whether the mechanism operates efficiently in multidimensional shock structures [14] [15] [16] . Investigation of nonlinear saturation levels of the Buneman instability in multiple dimensions [17] led to the condition
for the effective electron SSA [18] . There is therefore a need for very-high-M A shock studies with more physically important mass ratios. In this Letter, we report results from a fully kinetic particle-in-cell (PIC) simulation of such a very-high-M A shock. We found that various types of electrostatic and electromagnetic instabilities are strongly activated at the same time, but in different regions of the two-dimensional shock structure. Electron energization associated with the instabilities is discussed.
We use a two-dimensional PIC code to examine a shock evolution. The code implements a second-order (spline) shape function with a charge conservation scheme [19] to inhibit "low- The spatial profile of the ion number density at Ω gi T = 4 is shown in Fig. 1(a) . From the upstream (right) to the downstream (left) regions, there is a transition between X = 60λ i and X = 47λ i (foot). This transition region is followed by a rapid increase in the number density (ramp), a peak of the value (overshoot), and a recovery to the downstream value (∼ 4N 0 ) in X < 42λ i . While this overall signature is essentially the same as signatures found in supercritical collisionless shocks [2] , the magnitude of the overshoot value reaches N i = 25N 0 . A long-wavelength mode (m = 1) as seen in the density inhomogeneity along the shock front has been similarly found in the two-dimensional kinetic hybrid simulations [20] .
Structures of different scales and modes are found in these regions. well captures the electrons as they are accelerated by the motional electric field in the y direction. The electron is accelerated to relativistic energies with a Lorentz factor of γ ∼ 4
within the time scale of the electron gyro period. A nonthermal electron energy distribution has already formed in the foot (50.0λ i ≤ X ≤ 53.3λ i ) before reaching the shock front (blue line in Fig. 2(b) ). In the downstream (43.3λ i ≤ X ≤ 45.0λ i , red line in Fig. 2(b) ), the maximum energy reached γ ∼ 12, which is 2.5 times the upstream ion kinetic energy in this The wave vector is almost orthogonal to the electrostatic mode at the leading edge of the foot in Fig. 1(b) . The amplitude is very large as compared with the upstream magnetic field B 0 . It varies from 5 B 0 to 10 B 0 within the ion inertia scale around X = 47λ i , resulting in self-generated current sheets. The Fourier power spectrum of B z in the foot region in Fig. 3(a) shows that the mode with the wavelength of the ion inertia length (|k|λ i ∼ 2π) is dominant and the wave vector is tilted from the x axis, which are features closely related to the motion of the reflected ion. motion in the velocity space. Thus, the velocity distribution function is highly anisotropic.
This situation is subject to the ion-beam Weibel instability [22] . Indeed, the wave vector in Fig. 1(c) and Fig. 3(a) is almost perpendicular to the direction of the anisotropy in the velocity space. The observed ion-scale electromagnetic mode corresponds to the fastest growing mode of the instability [23] .
There exist large density gradients at the ramp and behind the overshoot in the present high-M A shock. The strong plasma inhomogeneity permits a kind of drift wave to grow along the shock surface with an amplitude of |E| ∼ 5B 0 (25E 0 ) as shown in Fig. 1(d) . Figure   4 (a) shows the power spectrum of E y in the y direction averaged over the region behind the overshoot (43.3λ i ≤ X ≤ 45.0λ i ). The excited strong electrostatic wave is powered at k y λ e ∼ 1, where λ e is the electron inertia length in this region. The region consists of the relativistically hot (T e ∼ mc 2 ) electron preheated by the Buneman instability at the leading edge of the foot (Fig. 4(b) ), and the transmitted and reflected ions (Fig. 4(b) and 4(c) ).
The electron drift motion is in the +y direction with a speed of v d = 0.1c. Although the temperature ratio T e /T i is not large, the non-Maxwell ion distribution and the background electron temperature gradient relax the threshold of the ion acoustic instability even for the case with T i ∼ T e [3, 24] .
The present configuration with the out-of-plane magnetic field component limits possibilities of other types of kinetic instability. In particular, the strong magnetic field com-pression at the overshoot would be free energy for the ion cyclotron instability owing to the anisotropy of the ion temperature [25] . The resultant large-amplitude electromagnetic fields would modify the present coherent shock front structure and work as a scattering body for the preaccelerated electron [26] .
The unprecedentedly high-M A PIC simulation enabled us to confirm the theoretical prediction Eq. (1) for the first time with a large mass ratio sufficient to separate ion and electron dynamics. Furthermore, the introduction of multidimensionality provides new insights into nonlinear shock dynamics, in which various kinetic instabilities are activated at the same time and competing with each other . The anisotropy of the ion distribution function in the foot destabilized the ion-beam Weibel instability that generates current sheets. This implies that the magnetic reconnection, which cannot be realized in the present two-dimensional configuration, can be another dissipation mechanism in shocks with much higher M A in three-dimensional space. The strongly inhomogeneous plasma around the overshoot introduces free energy for the drift instability along the shock surface. The characteristics suggest growth of the ion acoustic (IA) instability, while a number of instabilities have resulted from linear kinetic theories [3, 27] . However, the instability works only for complementary heating of electrons, since they are already relativistically hot (T ∼ mc 2 ≫ E 2 IA /8πN 0 ); electrons are substantially heated at the leading edge of the foot by the Buneman instability rather than at the shock front. The electrostatic field with large amplitude at the leading edge also allows efficient electron SSA. The resultant distribution of electron energy has a high-energy tail exceeding the upstream ion kinetic energy, suggesting that the electron SSA is a robust preacceleration mechanism that seeds the electron diffusive shock acceleration in young SNR shocks.
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